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CROP SCIENCE, VOL. 47, NOVEMBER-DECEMBER 2007 switchgrass breeding did not begin in earnest until the last quarter of the 20th century and breeding cycles require many years, these cultivars are not far removed from wild populations of switchgrass (Alderson and Sharp, 1994; . Both types of named cultivars were released for certifi ed seed production after extensive evaluation for persistence, forage yield, and other agronomic traits in their intended area of use. The purpose of the cultivar seed certifi cation process is to maintain genetic integrity of the cultivars.
Restoration biologists usually prefer local germplasm for conservation and restoration, largely based on the assumption that local germplasm is better adapted than germplasm from other regions (Clewell and Rieger, 1997; Lesica and Allendorf, 1999; Montalvo et al., 1997) . In some regions, this assumption has led to regulations stipulating the use of local germplasm (Clewell and Rieger, 1997; Jones, 2003, Rogers and Montalvo, 2004) . Little or no testing of the germplasm is conducted and, consequently, the adaptation range of local germplasm is unknown. Prairie restoration and the use of native grasses for landscaping and conservation have become much more common in recent years, creating a need for scientifi c data on the importance of local populations, the geographic defi nition of local regions, and the genetic composition of local populations (Clewell and Rieger, 1997; Lesica and Allendorf, 1999; Montalvo et al., 1997) . Local populations are often diffi cult to defi ne (Rogers and Montalvo, 2004, p. 21) , leading to potentially arbitrary boundaries.
Seed orchards, established from seed collected on prairie remnants, have been used as a long-term source of seed for conservation or restoration purposes within narrowly defi ned geographic regions. These seed populations are generally harvested or collected by hand and threshed and cleaned using fairly small-scale equipment. Due to narrowly defi ned geographic ranges and to the minimal use of mechanization for seed production and processing, seed prices of local accessions tend to be extremely high. In some cases, public agencies have taken on this responsibility to make these seed sources available for local landowners and public lands.
Confl ict arises between these two uses because seed from cultivars or from prairie remnants outside of a small region are considered to be undesirable for conservation or restoration purposes. Conservationists criticize such germplasm as unacceptable because it contains genes and traits from other regions, it does not represent the local region either genetically or phenotypically, and it may lead to outbreeding depression and genetic pollution in local populations (Lesica and Allendorf, 1999; Montalvo et al., 1997) . Because nothing is known about the genetic structure of prairie-remnant switchgrass populations, there is no scientifi c evidence to either support or refute this criticism. The potential consequences of gene fl ow from nonnative germplasm into local germplasm pools are largely unknown (Rogers and Montalvo, 2004, p. 131) .
The objective of this study was to identify structural patterns and spatial variation for molecular markers of switchgrass populations from the northern and central USA. The presence of structural patterns or spatial variation would indicate that these criticisms are well founded, that there are diff erent switchgrass gene pools in diff erent regions of the northern and eastern USA. The degree to which spatial patterns exist among prairie-remnant populations will partly determine the limits within which gene pools can be exchanged among regions without significantly contaminating local gene pools. Conversely, lack of spatial variation will suggest that these fears are unfounded for this species and local regions for conservation or restoration using switchgrass germplasm may be broader than perceived by many restoration biologists.
MATERIALS AND METHODS
A total of 78 switchgrass accessions were collected from 59 sites in Minnesota, Wisconsin, Michigan, Indiana, Ohio, and New York in 1997 and 1998 (Table 1) . Sites were identifi ed as prairie remnants based on local agency records. Some of the collection sites were suffi ciently large or variable to prompt collection of multiple accessions from these sites. Multiple accessions were collected from a site when there was signifi cant variability in soil type, aspect, or habitat within the site. Seeds were stored at room temperature until December 1998. A sample of seed of each accession was chilled at 3°C for 3 wk and planted in plastic seedling tubes containing a 1:1 mixture of silt loam soil and peat moss. Seed dormancy problems limited the study to a total of 46 accessions from 34 sites (Fig. 1) .
In January 1999, seedlings of 11 cultivated switchgrass populations ('Blackwell,' 'Cave-in-Rock,' 'Pathfi nder,' 'Shawnee,' 'Shelter,' 'Summer,' 'Sunburst,' 'Trailblazer,' 'NE-HZ4,' 'NEearly-HYC3-HDC2,' and 'NE28-HYC3-HDC2') were germinated without prechilling (Table 1) . The cultivars represented both seed increases from prairie remnants and the products of breeding programs (Alderson and Sharp, 1994) . For most populations, 10 to 20 seedlings were used to represent each cultivar or prairie-remnant population; numbers <20 were due to reduced germination rates or seedling mortality (Table 1) . A total of 818 seedlings were raised in the greenhouse for DNA extraction.
Genomic DNA was extracted from all plants. Fresh leaves (0.1-0.2 g) were macerated in potassium ethyl xanthogenate (PEX) DNA extraction buff er with a ceramic bead using a FastPrep FP120 machine (BIO 101 Inc., Carlsbad, CA). The remainder of the DNA extraction procedure followed Johns et al. (1997) with minor modifi cation. The samples were ground in 450 μL of DNA extraction buff er in 2.0-mL microcentrifuge tubes. All remaining DNA extraction procedures were performed in 1.5-mL microcentrifuge tubes.
Reactions for RAPD analysis were performed in 10-μL volumes in 96-well plates in an MJ PTC-100 incubator (MJ Research, Watertown, MA) following the methods of Johns et al. (1997) . Seven 10-mer primers (AB11, AB16, AC05, AC19, AD05, AD11, and AE4 from Operon Technologies, Huntsville, AL) were selected for this study because of the consistent clarity and reproducibility of polymorphic bands and polymorphisms on DNA samples of a subset of the 818 switchgrass plants. All RAPD reaction products were electrophoresed on agarose gels as described by Johns et al. (1997) . Gels were run for 2 h at 300 V, stained with ethidium bromide, illuminated by ultraviolet light, photographed, and manually scored for the presence or absence of clear bands. Polymorphic fragments, possessing unambiguous diff erences among the DNA samples and ranging from 0.2 to 2.1 kb, were visually scored for the presence (1) or absence (0) of the band using a digital imaging and scoring system (Syngene digi-genius photo-documentation package, Cambridge, UK). A total of 125 polymorphic bands were scored.
Repeatability of the 125 polymorphic RAPD bands was evaluated by conducting an independent set of reactions on a subset of 48 plants, one random plant from each of 48 accessions or cultivars. All reaction and scoring conditions were identical to those described above, except that all operations were conducted by a diff erent person, allowing an independent assessment of reaction and scoring results for each RAPD band. Repeatability was determined by counting the number of mismatches on 48 plants, separately for each of the 125 bands. A total of 119 bands met our minimum repeatability criterion of 46 or more "correct" or identical scores. The average error rate was 0.4 mismatches per band (0.8%).
Genetic distances among the 818 plants in all pairwise combinations were estimated as the complement to Jaccard's similarity coeffi cient (Gower, 1972) . The genetic distance matrix was characterized by two orthogonal coordinates using a multidimensional scaling procedure (PROC MDS, SAS Institute, 1999) . Analysis of molecular variance (AMOVA; Excoffi er et al., 2005) was performed on all individuals, partitioning the genetic distance matrix into seven sources of variation (Table  2 ). Variance components were estimated by equating AMOVA mean squares to their expectations and were tested by nonparametric permutation tests (Excoffi er et al., 2005) . Average marker diversity was computed for each cultivar using the formula of Nei (1987, p. 257) . Cluster analysis, using the unweighted pair group method with arithmetic mean, was performed on the frequencies of each marker within each of the 46 prairie-remnant populations and 11 cultivars.
Genetic distances among the 46 prairie remnant populations in all pairwise combinations were also estimated as the complement to Jaccard's similarity coeffi cient (Gower, 1972) . Autocorrelations were computed from the 46 × 46 genetic distance matrix, representing seven geographic distance classes (<5, 5-50, 51-100, 101-200, 201-400, 401-800, and 801-1600 km) . Autocorrelation coeffi cients were computed using the method of Smouse and Peakall (1999) . First, the distance matrix was converted to a covariance matrix. Second, three incidence matrices were defi ned, one for each of the seven distance classes: incidence matrices consisted of 0 (absent from distance class) or 1 (present in distance class) for the off -diagonal elements and number of "hits" for each diagonal element (Smouse and Peakall, 1999) . Third, the autocorrelation for distance class h, the combined correlation between all pairwise members of a distance class, was computed as
where i and j are plant-number subscripts (1, ..., 46) corresponding to matrix row and column numbers, N is the total number of pairwise members of the genetic distance matrix, X h is the incidence matrix for the hth distance class, and C is the covariance matrix for RAPD marker data. Fourth, confi dence intervals for autocorrelation coeffi cients of each distance class were computed from the empirical distribution of 1000 random permutations of the covariance matrix (Smouse and Peakall, 1999) . Fifth, signifi cance of the overall autocorrelation pattern for the seven distance classes was computed using the null distribution of the multivariate T 2 criterion, computed from the 1000 random permutations (Smouse and Peakall, 1999) .
Coancestry coeffi cients (F ST ) were computed for all pairwise combinations of the 46 prairie remnant populations (Excoffi er et al., 2005) . Isolation of prairie-remnant populations by distance was investigated on two levels for each of the 46 prairie remnants. Estimates of F ST were regressed on geographic distance for all pairs of populations, excluding those collected from the same site (geographic distance <10 km). Regressions were computed separately for each population paired with all others and geographic distance was expressed on a log 10 scale (Slatkin, 1991) . For each of the 10 sites with multiple populations, mean F ST was computed among the two or three populations within the site vs. the mean F ST for all remaining pairs involving the populations at that site. Mean values of F ST (<10 km) vs. F ST (>10 km) were compared by t-test.
RESULTS
Of 125 RAPD bands scored, eight were classifi ed as monomorphic, having a marker frequency >0.99 or <0.01, and (Cathey, 1990) . All sites were located within the Eastern Broadleaf Forest (Continental) ecoregion, with the following exceptions: Sites CH and RF in the Prairie Parkland (Temperate) ecoregion; Sites AN, AS, MO, and SB in the Laurentian Mixed Forest ecoregion; and Sites SA and YC in the Eastern Broadleaf Forest (Oceanic) ecoregion (Bailey, 1998) .
these were discarded from all statistical analyses. There were no markers unique to any single populations. One marker was common to only 15 populations, the smallest number among the remaining 117 markers; however, 95% of the markers were present in 30 or more of the 57 populations.
Analysis of molecular variance revealed signifi cant marker variability between cultivars and prairie-remnant populations, but it explained <1% of the total marker variation (Table 2) . Furthermore, the structure of marker variability for cultivars and prairieremnant populations was identical. There was no marker variability associated with USDA hardiness zones or ecoregions for prairie-remnant populations (PRPs), or for the diverse regions of cultivar origin. There was significant marker variability among prairie-remnant populations within plant adaptation regions and among cultivars within origins, accounting for 32 and 29% of the total marker variability within these two groups. The F ST values of 0.32 for prairie-remnant populations and 0.29 for cultivars indicated that there has been considerable gene fl ow among germplasm sources of each group. Most of the marker variability, 67% for prairie-remnant populations and 70% for cultivars, was observed among plants within populations ( Table 2) .
The lack of genetic diff erentiation between the two types of cultivars can be observed in Fig. 2 . Distributions of plants show considerable overlap within regions, such as Hardiness Zone 6 in the eastern USA (the PRP-seedincrease cultivar Cave-in-Rock vs. the bred cultivar Shelter; Alderson and Sharp, 1994) , Hardiness Zone 4 (the source-identifi ed Northern Great Plains HZ4 gene pool vs. the bred cultivar Sunburst), and Hardiness Zone 6 in the Great Plains (the PRP-seed-increase cultivar Blackwell vs. the bred cultivars developed in Nebraska). These overlapping distributions also illustrate the lack of ecoregion or hardiness zone diff erentiation among cultivars. Similarly, average marker diversity was similar between cultivars such as Cave-in-Rock, derived as seed increases of prairie-remnant populations (0.26 ± 0.02), and cultivars derived by selection and breeding (0.24 ± 0.01).
The lack of ecoregion or hardiness zone diff erentiation for prairie-remnant populations is illustrated in Fig.  3 . Despite this lack of molecular diff erentiation (Table 2) , some structure exists among these prairie-remnant populations. Approximately 75% of the plants form a central core of plants with common genotypic profi les. Plants from the Eastern Broadleaf Forest (Continental) ecoregion and Hardiness Zone 4 (EBFC-4) form a horizontal axis along Dimension 1, while plants from EBFC-6 and Eastern Broadleaf Forest (Oceanic) ecoregion and Hardiness Zone 6 (EBFO-6) form a nearly vertical axis along Dimension 2. Finally, most of the plants from EBFC-5 form an axis from upper left to lower right, approximately 45° off set from the other two axes. These axes illustrate a fundamental diff erence in the structural distribution of plants from these regions. Thus, while plants from these groups are not diff erentiated from each other, on the average, the distributions of their marker data are not strictly coincident with each other.
A direct comparison of Fig. 2 and 3 illustrates the huge overlapping distributions of the prairie-remnant populations and the cultivars. A relatively small number of plants from cultivars fell outside the distribution of the prairieremnant populations, 22 plants in the lower middle and three plants in the upper left of Fig. 2 , representing four of the six cultivar groups. Thus, only 15% of the plants from the cultivars fell outside the range of the prairie-remnant populations. This does not represent a true diff erentiation between prairie remnants and cultivars, however, because the PRP-seed-increase cultivars and the bred cultivars were almost completely coincident in Fig. 2 . Thus, the bred cultivars did not contain any genotypes unique to this species or outside the range of prairie-remnant plants. Switchgrass cultivars could not be distinguished from prairie-remnant populations, either on the basis of genetic distance or genotypic structure.
Analysis of RAPD marker frequencies on a population basis provided similar results (Fig. 4) . Populations originating from within a hardiness zone or ecoregion were spread throughout the cluster dendrogram, not showing any specifi c tendency to be clustered together. For example, the three populations from the eastern limit of this geographic region (populations SA and YC from Ohio and population BT from New York) were all highly unrelated to each other. Similarly, three populations from southeastern Michigan ( JK, HI, and SC) were also very (Bailey, 1998) and USDA hardiness zones (Cathey, 1990) , as shown in Fig. 1 and described in detail by Vogel et al. (2005) . Cultivar origins were as follows: Blackwell, GPS-6; Cave-in-Rock, EBFC-6; Shelter, EBFO-6; Summer, PPT-5; Sunburst and NEearly-HYC3-HDC2, PPT-4; NE-HZ4, GPS-4; and Pathfi nder, Shawnee, Summer, Trailblazer, and NE28-HYC3-HDC2, PPT-5 (numbers refer to USDA hardiness zones and letters refer to ecoregions ( There was a signifi cant pattern of spatial variation among the 46 prairie-remnant populations, showing a decay in the autocorrelation with increasing geographic distance between populations (Fig. 5) . This trend was statistically signifi cant, even though the autocorrelations were extremely small in magnitude. The correlogram indicated that only pairs of populations originating 10 km or less apart had a signifi cantly positive autocorrelation. The autocorrelation became significantly negative for all population pairs that were >50 km distant from each other.
Using these results as a guide, the isolation-by-distance hypothesis was tested separately for populations that originated <10 km from each other and those that originated >10 km from each other (Table 3) . Ten sites contained populations that originated <10 km from each other (Table 3 ). For seven of these sites (HW, LK, AS, BB, IP, BR, and CP), estimated migration rates were significantly greater within sites than between the site and others >10 km distant. On average for these seven sites, migration rates for >10 km were 21% greater than for <10 km. Of the remaining sites, two had a signifi cant diff erence in the opposite direction, with an estimated migration rate for <10 km 9% greater than for >10 km. Only three sites (CH, MO, and RF) had signifi cant regressions of F ST on geographic distance (Fig. 6 ).
DISCUSSION
Population structure was similar for prairie-remnant populations and cultivars of switchgrass, with little or no marker variation associated with geographic zones. Prairie-remnant populations of switchgrass from this portion of North America varied in marker frequencies, but generally not in the presence or absence of individual markers. For other cross-pollinated perennial grasses, within-population marker variability ranges from 65 to 95% of the total marker variability (Gustafson et al., 1999 (Gustafson et al., , 2004 Huff et al., 1993 Huff et al., , 1998 Kölliker et al., 1999; Ubi et al., 2003; Xu et al., 1994) . These results confi rm that the genotypic structure of switchgrass populations falls within the range observed Figure 2 . Scatterplot of the fi rst two multidimensional scales for 165 plants representing 11 switchgrasscultivars, grouped by a combination of ecoregions (Bailey, 1998) and USDA hardiness zones (Cathey, 1990) : PPT = Prairie Parkland (Temperate) ecoregion; EBFC = Eastern Broadleaf Forest (Continental) ecoregion; and EBFO = Eastern Broadleaf Forest (Oceanic) ecoregion. Numbers refer to USDA hardiness zones.
for other cross-pollinated grasses, albeit at the low end of the distribution. Population diff erentiation of both switchgrass prairie-remnant populations and cultivars appears to be slightly higher than that observed for most other crosspollinated grasses. This includes big bluestem (Andropogon gerardii Vitman) and Indian grass [Sorghastrum nutans (L.) Nash], the other two dominant graminoids of the tallgrass prairie, for which populations accounted for 12% of the RAPD marker variability (Gustafson et al., 2004) .
The limited breeding history of switchgrass has not narrowed the genetic variability among or within cultivars, as indicated by the similar levels of within-population marker variability for these three groups. Similarly, average marker diversity was approximately equal for bred cultivars and prairie-remnant populations of both big bluestem and Indian grass (Gustafson et al., 2004) . Marker diversity was also similar within prairie-remnant populations from prairies of vastly diff erent size, indicating that small prairie remnants can be valuable sources of genetic diversity (Gustafson et al., 2004) .
The lack of marker variation between the three groups (bred cultivars, PRP-seed-increase cultivars, and prairieremnant populations) indicated little genetic diff erentiation among these groups. To many people, this result may seem at odds with the concept of "improved" cultivars. It begs the question, how can an "improved" cultivar, one that has a supposed agronomic advantage over natural germplasm, be genetically undiff erentiated from natural germplasm? Nevertheless, this observation conforms to plant breeding theory that indicates expectations of relatively small changes in phenotype and gene frequencies associated with a very small number of selection cycles (Vogel and Pedersen, 1993) . The lack of genetic diff erentiation among prairie remnant populations, PRP-seed-increase cultivars, and bred cultivars can be attributed to several factors.
1. No more than two or three generations or cycles of selection have occurred in the selection and breeding of the bred cultivars, limiting the potential for genetic diff erentiation of this group (Alderson and Sharp, 1994) . For species with a long breeding history, there is a clear genetic diff erentiation between cultivars and natural populations (Kölliker et al., 1998 traits (Falconer and Mackay, 1996) . Changes occur in the frequency of individual alleles, not in the presence or absence of alleles, and these accrue very slowly with time and generations (Falconer and Mackay, 1996) . Many of the bred cultivars were developed by selection for several plant traits, resulting in relatively mild selection pressures for any individual trait, thus limiting the potential for large or biologically significant shifts in allele frequencies (Falconer and Mackay, 1996) . Furthermore, gains from selection for quantitative traits are generally very small, typically resulting in changes of <2% per cycle of selection for any given trait (Vogel and Pedersen, 1993; . The accumulated multigeneration changes made by breeding may be economically signifi cant for agronomic traits but they may have little or no eff ect on morphological or fi tness traits. This has been clearly demonstrated in a multilocation, multiple-year study with switchgrass in Wisconsin (Casler, 2005) . Diff erences between cultivars and prairie-remnant populations for fi tness or morphological traits were small and inconsistent (Casler, 2005) , indicating limited phenotypic divergence between these groups. 3. The polyploid genome of switchgrass, ranging from 4× to 10× , captures huge amounts of genetic variability due to a higher frequency of heterozygotes than for diploid organisms in randommating equilibrium (Gallais, 2003, p. 186) . Genetic recombination constantly creates new gene combinations, releasing new genetic variability with each generation and counterbalancing losses of genetic variability due to either selection or drift. 4. Switchgrass has a self-incompatibility system that favors cross-pollination (Martinez-Reyna and Vogel, 2002) , maintaining a higher-than-expected frequency of heterozygotes and accelerating the breakup of linkage blocks (Hartl and Clark, 1989) . Self-incompatibility systems generally maintain 3 to 10 times more genetic variability within populations than among populations (Gustafson et al., 1999 (Gustafson et al., , 2004 Huff et al., 1993 Huff et al., , 1998 Kölliker et al., 1999; Ubi et al., 2003; Xu et al., 1994) . 5. Finally, molecular markers are not necessarily associated with agronomic traits. Changes in agronomic traits may be associated with a limited number of molecular markers (Diaby and Casler, 2005) , but most markers appear to be selectively neutral or generally unrelated to the selection criteria (Stuber et al., 1980) . Small changes in agronomic traits, suffi cient to represent a statistical or biological improvement in agricultural fi tness, may be completely unrelated to changes in DNA markers or marker profi les, probably refl ecting relatively small changes in allele frequencies at relatively few loci. The results shown in Table 3 and Fig. 6 provide marginal support for the isolation-by-distance hypothesis (Slatkin, 1993) . For a small number of sites, there was evidence of greater gene fl ow between populations within a site (<10 km) vs. populations at sites >10 km apart. For an even smaller number of sites, there was evidence of a gradual decline in gene fl ow with increasing distance between sites. In the latter case, all three sites (CH, RF, and MO) were in western Minnesota, at the western margin of the geographic inference range for this study (Fig. 1) . Thus, isolation by distance on the landscape scale was unidirectional, probably resulting from the eff ects of prevailing westerly winds on pollen transmission rates across the landscape. Conversely, sites located more centrally or easterly within the study area probably showed no evidence of isolation by distance due to reduced potential for diff erential pollen transmission rates in an easterly direction.
Although there was slight and statistically signifi cant evidence for spatial variation and for isolation by distance, these eff ects were extremely small and restricted to a small number of prairie-remnant sites. These small eff ects, the lack of clear regional diff erentiation, and the structure of genetic variability among these populations all support the existence of a highly fragmented, remnant population of switchgrass in the north-central and eastern USA (Ericksson, 1996) . Local populations of switchgrass have been subject to extinction largely by the human-driven process of plowing prairies to create cropland (Risser et al., 1981) . This activity seems to have largely come to a halt, with preservation of the few remaining prairie remnants under the ownership, control, or custodianship of a wide range of public and private conservation and recreation organizations (Casler, 2005; Hopkins et al., 1995) . Colonization occurs largely as a human-driven process of harvesting seed from prairie remnants and using this seed as germplasm for prairie restoration ( Jones, 2003; Jones and Johnson, 1998) . Finally, this study provides evidence of migration between prairie-remnant populations, suggesting that migration occurs across a large regional scale, as indicated by highly overlapping distributions, lack of biologically signifi cant spatial diff erentiation, and the relatively low importance of geographic distance as an isolation mechanism. Migration may result from natural forces such as wind-facilitated pollen fl ow or animal-facilitated seed dispersal, or human forces such agricultural or restoration plantings.
Selection, drift, and migration have all probably been major forces driving the observed structure of this remnant population. Historically, migration may be the most important of these forces, having acted to homogenize the population across landscapes, minimizing genetic differentiation on a regional scale. Migration was probably more frequent when the tallgrass prairie ecosystem was more broadly abundant across the central and eastern USA, facilitating gene fl ow by pollen movement across a more or less continuous ecosystem. The lack of strong evidence for isolation by distance suggests that migration is no longer of major importance in regulating the population structure of switchgrass in this region.
Habitat fragmentation has probably resulted in population diff erentiation through the processes of drift and selection (Hanski, 1991; Husband and Barrett, 1996) . Local diff erentiation, which accounts for all population diff erentiation observed in this study, may arise from chance events known as genetic drift, which results from small founder populations and habitat fragmentation (Falconer and Mackay, 1996) . Drift may have occurred in members of the tallgrass prairie as this ecosystem advanced north following the Pleistocene glaciation. Population diff erentiation also may arise from selection for adaptation to specifi c environmental factors, such as soil type, habitat, and coexisting vegetation (Bradshaw, 1972; Linhart and Grant, 1996) . Because of the broad adaptation range of switchgrass ecotypes and cultivars (Casler, 2005; Casler et al., 2004; Hopkins et al., 1995) , selection may be of secondary importance in creating local diff erentiation. Selection has acted on a large regional scale, diff erentiating populations for fl owering time, photoperiodism, cold tolerance, and heat tolerance, strongly on a latitudinal gradient and weakly on a longitudinal gradient (Casler, 2005; Casler et al., 2004; McMillian, 1959 McMillian, , 1965 McMillian and Weiler, 1959) .
Results from both big bluestem and Indian grass suggest a similar structure of a remnant population. Although the number of populations and the sampling area was more limited than for our study of switchgrass, there was little spatial variation on a relatively narrow landscape scale, but some population diff erentiation was observed between populations from Illinois vs. the Great Plains (Gustafson et al., 1999 (Gustafson et al., , 2004 . These three species share numerous life-history traits, as well as a long evolutionary history, suggesting that evolutionary forces and habitat fragmentation have probably had similar eff ects on the structure of prairie-remnant populations of all three species.
CONCLUSIONS
While there is a clear consensus that adapted germplasm is preferable for conservation, restoration, and breeding new cultivars, there has been little eff ort to defi ne specifi c localities or, preferably, adaptation regions to be used in defi ning useful gene pools ( Jones and Johnson, 1998; Knapp and Rice, 1994) . Plant adaptation regions (PARs), combining hardiness zones with plant ecoregions (Vogel et al., 2005) , provide a mechanistic framework to identify gene pool localities for conservation, restoration, and breeding eff orts. The USDA hardiness zones are defi ned largely by gradients of 5.5°C (Cathey, 1990) , creating a system of survival and adaptation zones associated with phenotypic variability for adaptation traits such as fl owering time, photoperiodism, cold tolerance, and heat tolerance (Casler et al., 2004 ). Bailey's ecoregions are defi ned by presettlement dominant successional vegetation classes, which are correlated with major soil taxa (Bailey, 1998) . Natural selection of populations in contrasting environments contributes signifi cantly to ecological diff erentiation within species (Bradshaw, 1972; Linhart and Grant, 1996) , driven partly by soil, climate, and photoperiod factors. Digitization of both USDA hardiness zone and Bailey's ecoregion boundaries using geographic information system software allows additional prairie-remnant populations to be easily classifi ed, providing a distinct advantage to the PAR system (Vogel et al., 2005 ). Bailey's ecoregion classifi cation system was the best of fi ve systems investigated by Steiner and Greene (1996) as a regional germplasm classifi cation system. The PAR system of Vogel et al. (2005) is comparable to the "seed zone" system for conifers of the western USA ( Johnson et al., 2004) .
Plant adaptation regions can be used in conjunction with Jones' (2003) proposal of primary and secondary restoration gene pools (RGPs), which are applicable for conservation, restoration, or breeding. Jones (2003) defi ned the primary RGP as the target population itself or germplasm connected to it via pollen fl ow or seed dispersal. In many restoration situations, the target population itself doesn't exist, because of severe or long-term disturbance or habitat loss (e.g., loss of the tallgrass prairie ecosystem to agriculture). Our results for switchgrass suggest that any prairie-remnant populations within the PAR can be used to represent the primary gene pool of that PAR. Restriction of a RGP to a narrowly defi ned region or habitat, as suggested by some researchers (Kitzmiller, 1990; Linhart, 1995; Millar and Libby, 1991) , is unnecessarily restrictive for switchgrass. Because most of the genetic variability occurs within populations, a relatively small number of collection sites are suffi cient to maintain genetic variability of the gene pool. A multiple-origin polycross would provide a mechanism to create a source-identifi ed population, equally represented by any number of collection sites within the PAR ( Jones, 2003) . A polycross of two genetically heterogeneous local populations may be suffi cient to maintain genetic diversity of a restoration gene pool (Gustafson et al., 2002) . Standardized, commercial seed production practices should be used to increase seed in a representative environment within the PAR, minimizing the potential for selection . Seed orchards should be suffi ciently large to minimize genetic drift and provide a source of seed adequate for the region's conservation and restoration needs (Knapp and Rice, 1994) . Partnerships between agencies responsible for conservation and restoration, state crop improvement organiza-tions, and private organizations with experience in seed production may prove valuable in developing an aff ordable and reliable source of high-quality seed for restoration.
The results of this study indicate that prior, current, or future use of switchgrass cultivars for restoration purposes will not contaminate, pollute, swamp, or disrupt local gene pools. Plant genotypes contained within cultivars are not unique to these cultivars, but are broadly representative of switchgrass germplasm from prairie-remnant populations within the northern and central USA. There appear to be no "non-native genes" in switchgrass cultivars, as Millar and Libby (1989) suggested for non-native Pinus muricata D. Don of unknown origin. Although switchgrass cultivars could also be included in multiple-origin polycrosses used as RGPs ( Jones, 2003) , the use of bred cultivars is not necessary for this purpose. Because of the huge amount of within-population genetic variability in this species, a relatively small number of source-identifi ed populations should prove suffi cient to represent any given PAR. There is, however, no reason to exclude PRP-seedincrease cultivars, as they do not represent any form of breeding, selection, or human-based improvement. Those who criticize the use of cultivars for restoration purposes should recognize the dual use of this term and the fact that some cultivars are no diff erent than any source-identifi ed prairie-remnant population. The results of this study indicate that currently available cultivars developed by breeding have not been altered to the extent that they should be arbitrarily excluded from conservation plantings, particularly if they represent the local PAR and are the most readily available source of switchgrass seed.
An unselected or natural-track RGP can be released under any one of four germplasm classes: source identifi ed, selected, tested, or cultivar ( Jones and Johnson, 1998; Rogers and Montalvo, 2004) . In this case, the "selected" category refers to selection among ecotypes, but no intentional selection within ecotypes. It should be pointed out that natural selection within an RGP is not necessarily undesirable, because it may allow a genetically broad RGP to adapt itself more favorably to a wide range of sites ( Jones, 2003; Jones and Johnson, 1998; Kitzmiller, 1990) . The "cultivar" category is identifi ed as "natural track" to separate it from bred or manipulated cultivars, but this distinction is often lost during the seed multiplication and commercialization process (Alderson and Sharp, 1994) .
Finally, it should be recognized that the PAR system has some limitations. Any environmental classifi cation system based on discrete boundaries cannot take into account all sources of environmental variability that drive plant adaptation mechanisms. For example, highly disturbed sites, such as mine spoils, smelters, refi neries, saline soils, or abandoned military sites, may require the use of special germplasm selected for tolerances to specifi c toxins or other physical or environmental factors but otherwise representing the local gene pool. Because genes for tolerance to many such factors exist at very low levels within many natural populations (Macnair, 1991) , this may require little more than some human-facilitated natural selection to concentrate the genes for such tolerances within the local PAR gene pool without sacrifi cing genetic variability (Casler et al., 1996) . In some situations, however, such as devastating disease epiphytotics, intensive selection for pest resistance may be an essential step in creating a useful RGP (Krakowski et al., 2003) . Additionally, variation for soil type, elevation, and collateral vegetation may be signifi cant factors reducing the size of eff ective PARs for defi ning restoration gene pools (Millar and Libby, 1991) . These factors may lead to the need for multiple restoration gene pools for a given plant adaptation region. This and other potential issues in the use of natural germplasm for restoration should be more comprehensively addressed by fi eld tests with proper experimental designs.
